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Assembly and budding of alphaviruses are postulated to occur by protein–protein interactions between sites on the
cytoplasmic domain of the transmembranal envelope E2 glycoprotein and on the surface of the nucleocapsid protein
subunits. Genetic data to support this model have been obtained by isolating revertants of two slow-growth mutants of
Sindbis virus and analyzing the sequences of the genes encoding their structural proteins. The slow-growth phenotypes of
the mutants were previously shown to result from site-directed mutations of 2 amino acids in the sequence corresponding
to the 33 amino acids at the carboxyl terminus of E2, which are localized to the cytoplasmic face of the plasma membrane.
Putative revertants of these two mutants with faster growth rates were isolated by sequential passaging of virus grown on
insect cells or chicken embryo fibroblasts. Sequence analysis of plaque-purified viruses that grew significantly better than
the original mutant revealed that the original E2 mutation was present and that there were additional amino acid changes in
the virus capsid. Two of the latter were introduced separately into the wild-type virus cDNA and into the genomes of the
original mutants. The new strains of virus that contained both capsid and E2 mutations produced many more extracellular
particles than those with the E2 mutations alone, indicating substantial suppression of the original E2 mutation. Both capsid
mutations appear to be localized near a hydrophobic pocket of the capsid, which is postulated to be the site for docking of
hydrophobic amino acids of the E2 cytoplasmic domain. This genetic study provides strong support for the current models
of alphavirus assembly. © 1998 Academic Press
INTRODUCTION
Alphaviruses of the Togaviridae have a relatively simple
structure consisting of a nucleocapsid composed of 240
copies of a single kind of polypeptide enveloped by a lipid
bilayer containing heterodimeric viral-encoded glycopro-
teins arranged as 80 trimeric spikes (reviewed in Strauss
and Strauss, 1994; Schlesinger and Schlesinger, 1996). The
viral genome is a single-stranded RNA of positive orienta-
tion and is infectious. In the final stages of replication, the
preassembled nucleocapsid interacts with the plasma
membrane-embedded glycoproteins to initiate assembly
and budding of the virus from the infected host cell (Strauss
et al., 1995). Both the spikes and nucleocapsids are essen-
tial for viral particle release, as shown by the studies with
Semliki Forest virus (SFV) recombinants in which only the
capsid gene or only the glycoprotein genes were ex-
pressed in transfected cells (Suomalainen et al., 1992).
Current models for the initiation of the assembly and
budding of alphaviruses depict a nucleation event in
which there is a selective binding by specific amino
acids in the cytoplasmic domain of the virus E2 glyco-
proteins to hydrophobic pockets of the capsid protein
subunits of the virus’ nucleocapsid (Cheng et al., 1995;
Lee et al., 1994, 1996; Sko¨ging et al., 1996). Each capsid
subunit in the virus core is postulated to provide a re-
ceptor ‘‘pocket’’ for the cytoplasmic ‘‘ligands’’ present as a
domain of the virus’ 240 E2 glycoprotein spikes. These
protein–protein interactions drive the envelopment of the
cores by the lipid membrane, ultimately releasing the
matured virion from the cell. This model first appeared
almost 25 years ago (Garoff and Simons, 1974), and
although there are not yet definitive molecular structural
data which define a core–E2 binding, there are numer-
ous experimental observations supporting this model.
They include direct binding studies between a peptide
with sequences corresponding to the SFV E2 cytoplas-
mic domain and virus nucleocapsids (Metsikko¨ and Ga-
roff, 1990), the ability of peptides with sequences mim-
icking the E2 sequence to inhibit virus release (Collier et
al., 1992; Kail et al., 1991), and selective effects on virus
assembly by a variety of mutations created in both the
core pocket and the E2 cytoplasmic domain sequence
(Gaedigk-Nitschko and Schlesinger, 1991; Ivanova and
Schlesinger, 1993; Lee and Brown, 1994; Levine et al.,
1996; Liu et al., 1996; Zhao and Garoff, 1992; Zhao et al.,
1994; Lopez et al., 1994; Owen and Kuhn, 1997; Sko¨ging
et al., 1996).
Our previous studies utilized site-directed mutations at
8 amino acids in the E2 cytoplasmic domain of SIN to
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determine if these led to selective defects in virus as-
sembly. Most of the mutations had relatively mild effects
on virus formation, decreasing the formation of infectious
virus by less than 2- to 4-fold, but two mutations—a
substitution of alanine for cysteine at position 417 and
glycine for proline at position 404—led to a 10-fold
slower formation of infectious virus at early times postin-
fection when grown in chicken embryo fibroblasts, BHK
cells, or insect cells (Ivanova and Schlesinger, 1993).
It was possible to isolate revertants of these mutants
by harvesting virus at relatively early times postinfection
and passaging these samples at a high multiplicity of
infection several times, thereby enriching for possible
suppressors of the original mutation. In the studies pre-
sented here, we analyzed the changes that occurred in
the virus genome that led to the revertant phenotypes for
two separate mutations in the E2 cytoplasmic domain.
For both mutations, revertants that contained new amino
acid substitutions in the capsid of the virus were iso-
lated. This suppression of mutations in the E2 spike gene
by changes in the virus9 capsid gene provides strong
evidence for critical protein–protein interactions postu-
lated to occur between the virus nucleocapsids and the
cytoplasmic domain of E2 during the process of virus
assembly.
RESULTS
In previous studies, we noted that the E2 cytoplasmic
domain mutant C417A had a significantly slower rate of
virus replication on several cultured cells and released
much lower levels of virus from infected CEF, BHK, and
C7-10 mosquito cells (Ivanova and Schlesinger, 1993).
There was almost a 2-log decrease in virus budding at
5 h postinfection and the amount of virus released into
the culture medium between 4 and 5 h postinfection was
5% of that measured for the wild-type virus. Some of this
decrease could be accounted for by a defect in the
cotranslational proteolytic processing which releases
p62 from the polyprotein as it is translocated across the
ER membranes. The latter results in the accumulation of
an uncleaved p62-6K polypeptide. CEF cells infected
with wild-type SIN and pulsed with [35S]methionine for 15
min at 4.5 h postinfection have about 20–30% of the total
intracellular virus p62 detectable as p62-6K, in contrast
to a value of 50–60% for C417A mutant-infected cells
(Table 1).
A putative revertant of mutant C417A was isolated by
harvesting virus during early growth on insect cells (refer
to Materials and Methods). One of the plaque-purified
early harvest viruses showed a partial recovery in growth
in other cell lines and virus formation increased almost
six-fold over that of the mutant to a value that was about
25% of that of the wild type. To determine the revertant’s
genotype, RNA was isolated from cells infected with
plaque-purified revertant viruses. Primers corresponding
to nucleotide sequences in close proximity to the original
mutation in the E2 cytoplasmic domain and in various
other segments of the genome corresponding to the
structural genes were used for PCR to expand the cDNA
which was sequenced. In addition to retention of the
original mutation, C417A, in the revertant another muta-
tion was discovered in the capsid gene at amino acid
position 256. An ACG encoding threonine at this position
was changed to ATG coding for methionine. A complete
SIN cDNA with this capsid mutation alone and one com-
bining it with the E2 C417A were constructed. Tran-
scribed RNAs were transfected into BHK cells and the
recovered viruses were compared to wild type and the
original C417A mutant. The C417A mutant and the C417A/
T256M double mutant viruses were considerably more
thermolabile than wild type. The time at 56°C to de-
crease the titer of infectious virus by 1 log was 20 min for
wild type and 5 min for the mutants. For the T256M
mutant virus, the time was equivalent to that of the
wild-type SIN.
Replication of virus in CEF was not severely altered by
the capsid T256M mutation alone (Fig. 1; Table 1) and
growth was similar to that of the wild-type SIN. Placing
the capsid mutation into the cDNA of the virus genome
with the E2 C417A mutation yielded virus from trans-
TABLE 1
Effect of E2 C417A, Capsid T256M, and Combined Mutations on
Virus Structural Protein Formation, Maturation, and Release
Virus
Total virus
protein
synthesisa
Cotranslational
processingb
Posttranslational
processingc
Virus
releasedd
Wild type 1 0.3 3.0 1
C417A 0.7 0.55 2.0 0.04
T256M 0.9 0.3 4.0 0.8
C417A/
T256M 0.9 0.55 2.0 0.2
a Measured as total radioactivity (cpm or relative film density) incor-
porated into major intracellular virus proteins during either a 15-min
pulse or a continuous 60-min labeling period at 4 h postinfection. Data
based on values from 3 experiments. Values have been normalized to
that detected in cells infected with the wild-type virus.
b The values indicate the extent of the cotranslational proteolytic
cleavage of p62-6K (see text). The amounts of radioactivity in the p62
and the p62-6K bands were measured and the fraction of the total that
was in the p62-6K band is reported. The C417A mutation appears to
inhibit the normal cleavage and leads to significantly greater amounts
of the precursor, p62-6K protein.
c The change in ratio of E2/p62 1 E2 determined at 30 and 60 min
following a 15-min pulse label. Results are based on data from 3
experiments.
d Measured as fraction of total radioactivity in intra- and extracellular
virus structural proteins that was recovered from extracellular virus.
Cells were labeled for 60 min at 4 h postinfection of CEF. Data are
based on 3 experiments. Values have been normalized to that detected
in cells infected with wild-type virus. Under the conditions described,
about 2% of the total viral structural proteins formed by infected cells
were recovered in extracellular virus particles.
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fected cells which had significantly better growth than
the E2 cytoplasmic domain mutant but not equivalent to
that of the wild type or the mutant with the capsid mu-
tation alone (Fig. 1; Table 1).
The formation of intracellular virus structural proteins
in the original mutant, the reconstructed mutant with only
a change in the capsid protein, and the reconstructed
double mutant were similar, indicating that the early
stages of virus infections were nondefective (Table 1). As
noted previously, significantly more unprocessed p62-6K
was detected in both strains of virus with the C417A
mutation; thus, the inclusion of the capsid mutation did
not suppress this cotranslational defect. The posttrans-
lational processing of the p62 virus precursor to E2,
which occurs late in glycoprotein maturation, was similar
in all four strains (Table 1); thus, the transport and post-
Golgi processing of the virus glycoproteins were unlikely
to account for the slow growth of C417A and the sup-
pression of this phenotype by the T256M capsid muta-
tion. The amounts of nucleocapsids formed intracellu-
larly in cells infected with the T256M mutant was 70 to
80% that of the wild-type virus, based on quantitative
analysis of peak fractions collected from sucrose gradi-
ents after rate-zonal centrifugation of infected cell ex-
tracts obtained by detergent lysis (data not shown). Im-
portantly, however, the amounts of extracellular virus
produced 4 to 5 h postinfection by the double mutant
were fivefold greater than that measured for the C417A
mutant, amounting to about 20% that of the wild-type SIN
(Table 1).
In addition to the mutation in the capsid of the rever-
tant virus, a mutation was detected in the E2 cytoplasmic
domain that led to a change of serine at position 411 to
leucine. A new SIN cDNA was constructed with only the
two changes in E2, C417A, and S411L, and transcribed
RNA yielded infectious virus from transfected cells that
grew slightly better than the original C417A mutant. Virus
particles were formed at a rate only twofold greater than
that of the mutant. This ‘‘partial’’ revertant also retained
the defect in the cotranslational processing of p62-6K
and was not studied further.
Another mutation in E2, P404G, slowed virus replica-
tion significantly, particularly at early times postinfection
(Fig. 2). Two revertants, also selected by enrichment for
enhanced early virus production, were plaque-purified
and both secreted infectious virus at a greater rate than
the mutant (data not shown). Virus cDNAs were prepared
from infected cell RNA and the region of the E2 cytoplas-
mic domain containing the original mutation, sequenced.
One of the plaque-purified revertants showed the pres-
ence of the original P404G change and no other substi-
tutions in the E2 cytoplasmic domain. However, cDNA
obtained from PCR reactions using primers that covered
the carboxyl terminal region of the capsid and the entire
p62 gene showed a change in the capsid gene at amino
acid position 182. An AGT coding for serine was changed
to an AAT coding for asparagine. Thus, this revertant was
a double mutant with changes in both the E2 cytoplasmic
domain and the capsid. The capsid S182N mutation was
prepared by PCR methodology and inserted into the
cDNA of wild-type virus as well as the cDNA carrying the
P404G mutation. Transfection of transcribed mRNAs
yielded viruses that grew much more like wild type than
the P404G mutant (Fig. 2). The viruses containing the
P404G mutation alone and together with S182N mutation
were more thermolabile than wild type: the time at 56°C
for loss of 1 log of infectious virus for the mutants was
half that of wild type (10 min vs 20 min, respectively).
FIG. 2. Formation of virus in CEF infected with the wild-type Toto 1101
(e), mutant E2 P404G (e), mutant capsid S182N (E), and the double
mutant E2 P404G/capsid S182N ().
FIG. 1. Formation of virus in CEF infected with the wild-type Toto 1101
(e), mutant E2 C417A (e), mutant capsid T256M (V) and the double
mutant E2 C417A/capsid T256M ().
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Virus with the S182N mutation alone was like wild type in
its thermostability. Negatively stained preparations of
virions with capsid mutations S182N or T256M were
examined by electron microscopy and both were indis-
tinguishable from wild-type virus with respect to overall
morphology, size, and shape.
The formation of intracellular virus structural proteins
and their co- and posttranslational processing of the SIN
E1 and E2 structural glycoproteins were not significantly
altered by the S182N and P404G mutations alone or
together (Figs. 3P and 3C; Table 2). However, the fraction
of virus released from 4 to 5 h postinfection based on
either a 60-min labeling period or a 15-min pulse label
followed by a 60-min chase period was 15% of wild type
for the E2 P404G mutation alone and this value in-
creased more than twofold to 40% of wild type for the
mutant containing both the E2 and the capsid mutations.
The capsid S182N mutation alone secreted virus at 56%
of the wild type. Formation of intracellular nucleocapsids
for the S182N mutant was 60 to 70% that of wild-type
virus, based on analysis of the nucleocapsid fractions
after rate-zonal centrifugation in sucrose gradients (data
not presented). Thus, the decrease in extracellular virus
formation by the E2 cytoplasmic domain mutation and its
partial suppression by the amino acid substitution at
position 182 in the capsid was attributed to defects in
virus assembly and budding.
Sequencing of the other revertant of the P404G mutant
in the region of the E2 cytoplasmic domain showed
retention of the original mutation and the presence of a
second mutation; the ACG codon for threonine at posi-
tion 398 in E2 was changed to ATG for methionine. No
additional mutations were found in the structural genes
for this revertant. The extent of suppression of the P404G
mutation by this E2 change, based on growth and virus
particle yield, was significantly less than that described
here for the capsid change and additional studies were
not performed.
DISCUSSION
The results described in this paper offer strong sup-
port for the model of alphavirus assembly in which the E2
cytoplasmic domain selectively binds to a unique struc-
ture on the surface of the nucleocapsid. Two mutations in
the former could be suppressed by additional mutations
which mapped in the capsid gene of the virus. The sites
of both capsid suppressor mutations, threonine 256 and
FIG. 3. Formation of intracellular and extracellular virus proteins in CEF infected with wild type (lanes 1, 5, 9), mutants E2 P404G (lanes 2, 6, 10),
capsid S182N (lanes 3, 7, 11), and the double mutant E2 P404G/capsid S182N (lanes 4, 8, 12). P, C, and V refer to pulse, chase, and virion, respectively.
TABLE 2
Effect of E2 P404G, Capsid S182N, and Combined Mutations on
Virus Structural Protein Formation, Maturation, and Release
Virus
Total virus
protein
synthesisa
Cotranslational
processingb
Posttranslational
processingc
Virus
releasedd
Wild type 1 0.2 3.5 1
P404G 0.9 0.3 3.5 0.15
S182N 1.0 0.2 4.0 0.56
P404G/
S182N 0.9 0.3 3.0 0.40
a Measured as total radioactivity (cpm or relative film density) incor-
porated into major intracellular virus proteins during either a 15-min
pulse or a continuous 60-min labeling period. Data are based on values
from 6 experiments. Values have been normalized to that detected in
cells infected with wild-type virus.
b The values indicate the extent of the cotranslational proteolytic
cleavage of p62-6K (see text). The amounts of radioactivity in the p62
and the p62-6K bands were measured and the fraction of the total that
was in the p62-6K band is presented. The P404G mutation has a
relatively minor effect on the normal cleavage.
c The change in ratio of E2/p62 1 E2 determined at 30 and 60 min
following a 15-min pulse label. Results are based on data from 3
experiments.
d Measured as fraction of total radioactivity in intra- and extracellular
virus structural proteins that was recovered from extracellular virus.
Cells were labeled for 60 min at 4 h postinfection of CEF. Values have
been normalized to that detected in cells infected with wild-type virus.
Under the conditions described, about 2% of the total viral structural
proteins formed by infected cells were recovered in extracellular virus
particles.
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serine 182, are near to a hydrophobic pocket on the
surface of the capsid subunit that is postulated to inter-
act with hydrophobic amino acids of the E2 cytoplasmic
domain (see below). Based on an analysis of the struc-
ture of this pocket, residue 256 would be close to the
approach that E2 amino acids would make on binding in
the pocket (R. Kuhn, personal communication). The po-
sition of residue 182 and its effect on this part of the
capsid structure is less clear from the analysis, although
mutations of glutamic acid at positions 183 and tyrosine
at 180 to serine appear to affect the structure of this
pocket (Lee et al., 1994).
Our laboratory and others have exploited reverse ge-
netics to determine if there are essential regions in the
cytoplasmic domain of the alphavirus E2 glycoprotein
critical to the budding process. Gaedigk-Nitschko and
Schlesinger (1991) reported that substitutions of phen-
yalanine for SIN tyrosine at position 400 (SFV position
399) depressed virus particle formation by three- to four-
fold and Liu et al., (1996) showed that changing SIN
tyrosine 400 to asparagine and threonine 398 to alanine
in E2 greatly inhibited virus particle release. Zhao et al.,
(1994) focused also on the single tyrosine in the SFV E2
cytoplasmic domain and noted that only substitutions of
tryptophan and phenylalanine could give significant lev-
els of infectious virus (1–2 logs lower than wild type),
while other amino acids produced particles 3 to 5 logs
lower in amounts.
In another type of genetic study, chimeric viruses were
generated in which capsid protein from one alphavirus
was matched with the E2 glycoprotein from a related
alphavirus. Substitution of the SIN capsid gene in the
genome of Ross River virus blocked infectious virus
formation (Lopez et al., 1994). Modifications in the chi-
mera in which the substitution of two amino acids from
the SIN E2 sequence at positions 403 and 405—alanine
and asparagine—for the Ross River virus threonine and
glycine at these positions led to partial recovery of virus.
The sequence around the critical E2 cytoplasmic domain
tyrosine is invariant between these two viruses; thus,
these data indicate that there are additional important
structural determinants outside of the tyrosine motif that
affect interaction between E2 and the nucleocapsid. In a
similar study, Smyth et al., (1997) noted that a chimera
with SIN capsid and SFV glycoproteins was nonproduc-
tive for infectious virus even though all structural proteins
and nucleocapsids were produced. Interestingly, the SFV
contains in the E2 cytoplasmic domain the same threo-
nine and glycine at 403 and 405 as does the Ross River
virus.
A second hydrophobic amino acid, leucine, positioned
two amino acids from the critical tyrosine of the E2, has
also been implicated in binding to the nucleocapsid,
based on analysis of the capsid crystal structure (Cheng
et al., 1995). Substitution of this leucine by nonhydropho-
bic amino acids led to very low levels of virus particle
secretion even though virus structural proteins were
formed, matured, and transported to the plasma mem-
brane of cells transfected with the mutant (Owen and
Kuhn, 1997). Production of nucleocapsids was similar to
that made in cells transfected with wild-type virus but
they did not align along the surface membranes (Owen
and Kuhn, 1997).
Attempts have been made to provide a molecular
structure of the capsid/E2 interaction by bringing to-
gether data from an atomic structure of the capsid pro-
tein, based on X-ray crystallographic measurements
(Choi et al., 1996, 1991), with a structure derived from
analysis of cryoelectron micrographs (Paredes et al.,
1993). This model has been employed to explain effects
of specific mutations within the capsid (Lee and Brown,
1994; Sko¨ging et al., 1996). A two-compartment hydro-
phobic pocket on the capsid surface was derived from
X-ray structural data of capsid crystals obtained from
recombinant capsid sequences 107–266 and has several
conserved amino acids, based on comparison with eight
alphaviruses (Choi et al., 1996, 1991). The capsid tyrosine
180, tryptophan 247, and phenylalanine 166 are the major
components of this pocket; thus changes in the rever-
tants at positions 182 and 256, which were detected in
the study presented here, could be expected to affect the
pocket’s structure.
Reverse genetics has provided evidence also for in-
teractions between transmembrane glycoproteins and
virus-encoded, cytoplasmic-localized structural proteins
for HIV Type 1. In this retrovirus, the latter has been
identified as the matrix protein. In an extensive set of
reverse-genetic experiments, Freed and Martin (1995)
noted that single amino acid substitutions at two posi-
tions in the matrix protein blocked incorporation of virus
glycoprotein into virions. The block could be reversed,
however, by truncating an extended portion of the cyto-
plasmic domain of the gp41 of this virus or utilizing
pseudotypes in which the glycoproteins from other ret-
roviruses had shortened cytoplasmic domains. Addi-
tional analysis of revertants of the matrix mutation re-
vealed a putative interplay among amino acids of the
matrix that provide a site for gp41 binding. The cytoplas-
mic domain of the Moloney murine leukemia virus gly-
coprotein, p15E, also is critical for incorporation into
newly replicated virions based on studies of mutationally
altered forms of the protein (Januszeski et al., 1997).
Several point mutations or deletions in that region of
p15E residing in the cytoplasm led to envelope protein
that was not present in virions even though they were
detected in substantial levels on the surface of trans-
fected cells.
The extent of essential interplay between viral trans-
membrane glycoproteins and components of virus nu-
cleocapsids during virus assembly and budding varies
for different enveloped viruses. For alphavirus, comple-
mentary hydrophobic interactions are postulated to pro-
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vide a highly stable structure. The genetic analysis of
mutations described here lend further support to this
critical event in the assembly of these viruses.
MATERIALS AND METHODS
Cells
Secondary cultures of 11-day chicken embryo fibro-
blasts (CEF) were grown at 37°C in Earle’s minimum
essential medium (MEM) supplemented with 3% fetal
bovine serum (FBS). Baby hamster kidney cells (BHK-21)
were grown at 37°C in a-MEM supplemented with 10%
FBS and nonessential amino acids. The C7-10 mosquito
cell line was grown at 30°C in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS and non-
essential amino acids.
Virus growth
Growth experiments were performed by infecting 1 3 106
CEF monolayers with viruses at a m.o.i. of 20 in phosphate-
buffered saline (PBS) containing 1% FBS. After a 60-min
incubation, inoculum was removed, cells were washed
twice, complete medium was added, and dishes were in-
cubated at 37°C. Samples of culture media were collected
between 3 and 7 h postinfection and tested for infectious
units by standard plaque assay on CEF.
Measurement of virus protein formation and virus
particle release
Confluent monolayers of CEF in 35-mm dishes were
infected for 1 h at 37°C with a m.o.i. of 20. The inoculum
was replaced with fresh medium and after 3 h incubation
at 37°C, cells were washed and incubated for 15 min at
37°C with methionine-free Earle’s MEM. [35S]Methionine
(50 mCi) (NEN) was then added for a 1-h incorporation or
20 mCi for a 15-min pulse and plates were incubated at
37°C. In pulse–chase experiments, the labeling medium
was removed, and cells were washed with complete
medium containing 0.3 mM cycloheximide and incubated
at 37°C for 1 h. The procedures for collecting and quan-
titating the amounts of cell-free virus and intracellular
virus proteins from cell monolayers have been described
(Ivanova and Schlesinger, 1993). SDS/PAGE gels were
fixed in 50% methanol and 10% acetic acid and imaged
and analyzed using a Bio-Rad Phosphor Imaging System.
Gels processed for fluorography were exposed to X-ray
film and virus bands extracted and their radioactivity was
measured in a scintillation counter.
Isolation of mutants
The isolation and characterization of the initial mu-
tants in which a cysteine in the p62 carboxyl terminus
was converted to an alanine, noted C417A, and a proline
was converted to a glycine, noted P404G, have been
described (Ivanova and Schlesinger, 1993). The plasmids
(Toto 1101, Toto 1000) containing the entire Sindbis virus
genome were kindly supplied by C. Rice and have been
described previously (Rice et al., 1987; Gaedigk-Nitschko
and Schlesinger, 1991; Ivanova and Schlesinger, 1993).
Isolation of revertants
We took advantage of the slower growth properties
and different plaque sizes to isolate putative revertants.
To isolate a revertant from the P404G mutant, CEF were
inoculated for a first passage with a m.o.i. of 800 at 37°C
and medium harvested at 5 h postinfection. This virus
harvest was passaged nine times at 37°C using the 5-h
harvest for subsequent inoculation. Titers were not mea-
sured on these virus harvests. Virus from 30 large
plaques was obtained from the passage 10 plaque assay
by staining with neutral red, and each agar plaque was
incubated with 400 ml CEF media for 30 min at 4°C. Half
of this was used to inoculate CEF for 60 min at 37°C, and
then the inoculum was removed and CEF media were
added. Media were harvested at 24 h postinfection and
the expanded stocks were titered. Growth curves were
performed to determine if a virus stock grew faster than
the original mutant virus. Putative revertants were
plaque-purified again prior to further analysis. To isolate
a revertant from the C417A mutant, similar procedures
were followed with these exceptions: C7-10 cells were
inoculated with an m.o.i. of 200 and the resulting virus
harvest was passaged six times. Virus was harvested
between 10 and 20 h postinfection after each passage.
Isolation of total RNA from CEF-infected with
revertants
CEF (1 3 107 cells) were inoculated with an m.o.i. of
0.01–0.1 for a 16-h infection at 37°C. Cells were washed
with cold PBS, scraped, and pelleted. Total cytoplasmic
RNA was isolated from the infected cells using the RNa-
zol B method following the manufacturer’s procedure
(Tel-Test, Inc.). A cDNA copy of viral RNA (two revertants
from P404G and one revertant from C417A) was synthe-
sized using Superscript reverse transcriptase (BRL) and
PCR amplified utilizing specific primers corresponding to
sequences in the Sindbis virus genome (courtesy of C.
Rice). For both the P404G and the C417A revertants an
oligo(dT) primer was used. The other primers were 59-
AGCAGTGGCCGTGACGACCCG-39 (nt 7463 and 7483 in
Toto 1101) and 59-GAAAGACGGTCAGAAACTTC-39 (nt
9568 and 9587) for P404G and C417A, respectively.
Restriction fragment sequencing
Following PCR amplification, the DNA was digested
with BssHII/SplI or with AatII/BssHII and the 577-nt frag-
ment or the 1809-nt fragment, respectively, was extracted
from low melting agarose gels and purified using the
QIAEX II Gel Extraction Kit (Qiagen). The insert was
subcloned into Toto 1101 using T4 DNA Ligase (Gibco
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BRL) and plasmids were isolated from transformed
JM103 cells utilizing a Bio-Rad Quantum Prep Plasmid
miniprep kit. For larger plasmid preparations, DNA was
purified by alkaline lysis and cesium chloride gradients.
The plasmid DNA was sequenced in the area containing
the PCR DNA fragment by the dideoxy-chain termination
method (Sanger et al., 1977) using T7-Sequenase-2.0
(Amersham) following the manufacturer’s procedure.
Samples were analyzed on a 5% Long Ranger gel (J. T.
Baker).
Reconstruction of revertants
To prepare the same mutations in the SIN capsid that
had been detected in the revertants, PCR site-directed
mutagenesis was performed utilizing the Quick-change
mutagenesis method of Stratagene. For the S182N mu-
tation, primers containing the mutation 59-TTCACCTA-
CACCAATGAACACCCCGAA-39 (nt 8178 and 8203) and its
complementary strand were supplied by DNAgency and
the polymerase used was Klentaq LA (Barnes, 1992). The
template was a plasmid containing the complete cDNA
sequence of SIN structural genes and the PCR product
was recovered from transformed JM103 cells. Isolated
plasmid preparations were sequenced in a small region
(,100 nt) to confirm the mutation. To use BclI for a
restriction digest, the plasmids containing the mutation
were transformed into a dam2 strain of MC1061 (DB4351,
gift from D. Berg, Washington University) using calcium
chloride. The AatII/BclI fragment was subcloned back
into SIN cDNA (Toto 1101) or Toto 1101 containing the
P404G mutation and the area of the insert was se-
quenced. The same procedure was followed to insert the
capsid T256M mutation into Toto 1101 or into Toto 1000
containing the C417A mutation using the primer 59-AGA-
CAATTAAGATGACCCCGGAAGGGA-39 (nt 8400 and 8427)
and its complementary strand.
In vitro transcription and transfections
XhoI- or PvuI (for Toto 1000)-linearized plasmid DNA
was used as a template for in vitro transcription. RNA
was synthesized at 40°C for 1 h in 50-ml reaction mix-
tures containing 40 mM Tris–HCl (pH 7.9), 6 mM MgCl2,
2 mM spermidine, 10 mM NaCl, 0.5 mM each NTP, 0.5
mM cap analog—m7G(59)ppp(59)G (Biolabs), 10 mM
DTT, 1 U RNase inhibitor and 20 U of SP6 RNA polymer-
ase (Promega). Viral RNAs were transfected into BHK-21
cells by electroporation (Liljestro¨m et al., 1991) and virus
released into the medium was harvested at 16–20 h
postelectroporation.
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